Hypoxia preconditioning and subsequent tolerance to hypoxia-ischemia damage is a well-known phenomenon and has significant implications in clinical medicine. In this investigation, we tested the hypothesis that the transcriptional activation of IGF-I is one of the underlying mechanisms for hypoxia-induced neuroprotection. In a rodent model of hypoxia-ischemia, hypoxia preconditioning improved neuronal survival as demonstrated by decreased hypoxia-ischemia-induced neuronal apoptosis. To study the role of IGF-I in hypoxia tolerance, we used in situ hybridization to examine IGF-I mRNA distribution on adjacent tissue sections. In cerebral cortex and hippocampus, hypoxia preconditioning resulted in an increase in neuronal IGF-I mRNA levels with or without hypoxia-ischemia. To test its direct effects, we added IGF-I to primary neuronal culture under varying oxygen concentrations. As oxygen concentration decreased, neuronal survival also decreased, which could be reversed by IGF-I, especially at the lowest oxygen concentration. Interestingly, IGF-I treatment resulted in an activation of hypoxia-inducible factor 1␣ (HIF-1␣), a master transcription factor for hypoxiainduced metabolic adaptation. To evaluate whether IGF-I transcriptional activation correlates with HIF-1␣ activity, we studied the time course of HIF-1␣ DNA binding activity in the same rat model of hypoxia-ischemia. After hypoxia-ischemia, there was an increase in HIF-1␣ DNA binding activity in cortical tissues, with the highest increase around 24 h. Like IGF-I mRNA levels, hypoxia preconditioning increased HIF-1␣ DNA binding activity alone or with subsequent hypoxia ischemia. Overall, our results suggest that IGF-I transcriptional activation is one of the metabolic adaptive responses to hypoxia, which is likely mediated by a direct activation of HIF-1␣. Abbreviations HIF-1, hypoxia-inducible factor 1 HIF-1␣, hypoxia-inducible factor 1␣ HIF-1␤, hypoxia-inducible factor 1␤ VEGF, vascular endothelial growth factor dNTP, nucleotides dGTP, 2'-deoxyguanosine 5'-triphosphate, sodium salt dCTP, 2'-deoxycytidine 5'-triphosphate, sodium salt dTTP, 2'-deoxythymidine 5'-triphosphate, sodium salt dATP, 2'-deoxyadenosine 5'-triphosphate, sodium salt SSC, sodium chloride and sodium citrate buffer EMSA, electrophoretic mobility shift assay W18, wild-type M18, mutant MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide ϩϩϩ ] RT-PCR, reverse transcription PCR Hypoxia preconditioning is a process by which prior treatment of a sublethal dose of hypoxia renders cells tolerant to otherwise lethal hypoxia or hypoxia/ischemia insult. This phenomenon has been observed at cellular (1), tissue (2), and whole animal levels (3-6). Preconditioning and subsequent tolerance is not unique to hypoxia. In the brain, neurons can become tolerant to ischemia if exposed to a brief sublethal episode of ischemia (7, 8) , spreading depression (9), or exposure to metabolic inhibitors (10). To survive, cells seem to be armed with sophisticated adaptive mechanisms that enable them to sense the nutritional deficiency in the environment and make subsequent metabolic adjustments. Understanding these mechanisms will help us gain insights into the cells' adaptive responses to metabolic deficiencies.
Hypoxia preconditioning is a process by which prior treatment of a sublethal dose of hypoxia renders cells tolerant to otherwise lethal hypoxia or hypoxia/ischemia insult. This phenomenon has been observed at cellular (1), tissue (2) , and whole animal levels (3) (4) (5) (6) . Preconditioning and subsequent tolerance is not unique to hypoxia. In the brain, neurons can become tolerant to ischemia if exposed to a brief sublethal episode of ischemia (7, 8) , spreading depression (9), or exposure to metabolic inhibitors (10) . To survive, cells seem to be armed with sophisticated adaptive mechanisms that enable them to sense the nutritional deficiency in the environment and make subsequent metabolic adjustments. Understanding these mechanisms will help us gain insights into the cells' adaptive responses to metabolic deficiencies.
IGF-I is a pleiotropic anabolic growth factor essential for the development of the CNS. One salient function of IGF-I is to promote neuronal survival during development as well as neuronal injury. This has been demonstrated in a rodent model of hypoxia-ischemia encephalopathy (11) (12) (13) (14) (15) (16) (17) . Soon after the hypoxia-ischemia insult, there is a rapid decrease in neuronal IGF-I mRNA levels (18) , and the decrease is inversely correlated with the length of hypoxia duration (19) . If exogenous IGF-I is supplemented through intraventricular infusion, this hypoxia-ischemia-induced neuronal damage can be alleviated (15, 20) . Because hypoxia preconditioning can protect neurons from subsequent hypoxia-ischemic insult (4), we want to know whether IGF-I is involved in the metabolic adaptation that was induced by hypoxia preconditioning.
One established mechanism underlying cells' hypoxia responses involves a heterodimeric transcription factor, HIF-1, which consists of two subunits, HIF-1␣ and HIF-1␤ (21) . Both subunits belong to a family of basic helix-loop-helix transcription factors and are required for DNA binding and transactivation of target genes (22) . Although both are constitutively expressed, only HIF-1␣ levels in the cytoplasm are regulated by oxygen tension (23) . HIF-1␣ activity is regulated by oxygen concentration via interacting with a family of iron-dependent prolyl hydroxylase (24) and asparaginyl hydroxylase (25) . During normoxia, HIF-1␣ is rapidly degraded by the ubiquitinproteosome pathway (26, 27) . Soon after oxygen tension decreases, HIF-1␣ is stabilized and quickly accumulates in the nucleus (28) , where it transactivates adaptive genes, such as glucose transporter 1, VEGF, and erythropoietin (23) . The stabilization of HIF-1␣ may contribute to metabolic adaptations and subsequent hypoxic tolerance (6, 29) .
In human Hep-G2 (hepatocellular liver carcinoma cell line) hepatoma cells, both IGF-I and insulin increased HIF-1␣/aryl hydrocarbon receptor nuclear translocator DNA binding activity and the transcription of target genes in a dose-dependent manner (30) . In the same cell line, hypoxia stimulated the transcription of IGF binding protein 1, one of the HIF-1␣ target genes (31) . On the other hand, intraventricular and systemic IGF-I infusion induced an increase in HIF-1␣ levels, suggesting a potential link between IGF-I and the HIF-1␣ pathway (32) . To date, whether IGF-I's neuroprotection involves the HIF-1 pathway against hypoxia-ischemia-induced neuronal injury has not been investigated. In the current study, we tested the hypothesis that IGF-I promotes neuronal survival in hypoxia tolerance to hypoxic-ischemic injury partially by activating HIF-1␣. To accomplish this, we used a hypoxia-ischemia model on immature rat brains with or without hypoxia preconditioning. The associations were sorted among the number of apoptotic neurons, HIF-1␣ DNA binding activity, and IGF-I mRNA levels in vivo and in vitro.
MATERIALS AND METHODS
Perinatal hypoxia-ischemia model. All animal studies were approved by Indiana University Animal Review Board. Pregnant Sprague-Dawley rats (Charles River Breeding Laboratories, Portage, MI, U.S.A.) were housed in individual cages and fed standard laboratory chow ad libitum. Hypoxia-ischemia was induced in 7-d-old rat pups as previously described (33) with minor modifications. Briefly, 7-d-old pups (13-19 g of body weight) were anesthetized with a mixture of halothane (4% for induction, 1-1.5% for maintenance) and 30% oxygen. The left common carotid artery of each pup was exposed, isolated from nerve and vein, and ligated with 3-0 surgical silk. The wound was sutured, and the rat pups were returned to their mothers for 3 h to allow recovery. Sham-operated animals underwent the same operative procedure except that the exposed carotid artery was not ligated (hypoxia only). Thereafter, two to three pups were placed in 500-mL airtight jars and exposed to a humidified nitrogen-oxygen mixture (8% oxygen) delivered at 5-6 L/min. During the 150-min hypoxia, the jars were partially submerged in a 37°C water bath to maintain a constant thermal environment. Brains were then collected at designated time points after termination of hypoxia, immediately frozen on dry ice, and stored at Ϫ70°C until analyzed. For hypoxia preconditioning, pups (P6) were first placed in the 37°C water bath for 20 min followed by 2.5 h of hypoxic exposure (8% O 2 /92% N 2 ), then returned to their dam. Twentyfour hours later, hypoxia-ischemia treatment was given as described above. All rat pups were then returned to their dams for 1, 3, 5, 24, or 72 h, after which they were killed by decapitation and the brains were removed and frozen in isopentane at Ϫ40°C and stored at Ϫ70°C until analyzed. Usually, the combined hypoxia and ischemia produces brain damage predominantly in the territory of the middle cerebral artery of the cerebral hemisphere ipsilateral to the carotid artery occlusion (33) . Damage does not usually occur in the contralateral cerebral hemisphere or in either hemisphere when the animal is exposed to arterial ligation or hypoxia alone.
Primary cortical neuronal culture. The cortices were collected from newborn rat pups and minced. An aliquot of ice-cold PBS was added into the minced tissues, which were then centrifuged at 1000 rpm at 4°C and the supernatants were discarded. An aliquot of 0.25% trypsin was added and incubated at 37°C for 15 min to produce a single cell suspension (shaken once every 5 min). The precipitates were discarded and the supernatants were centrifuged again at 1000 rpm at 4°C for 5 min. The cell pellets were diluted to appropriate concentration with Neurobasal in 2% B27 (Invitrogen, Carlsbad, CA, U.S.A.) and were plated into poly-D-lysine-coated dishes (BD Biosciences, Franklin Lakes, NJ, U.S.A.). Usually, the cells were used at 4 -6 d after plating. Before each treatment, cells were rinsed and then incubated in serum-free Dulbecco's modified Eagle's medium with high glucose (Invitrogen). All experiments were conducted under serum-free conditions. Klenow staining for apoptotic cells. Having both 5'-3' DNA polymerase and 3'-5' exonuclease activity, Klenow has more substrates and, therefore, is more sensitive than the commonly used terminal transferase method. Briefly, brains were obtained from animals at 24 h of recovery from 150 min of hypoxia and unilateral hypoxia-ischemia. Fresh frozen sections (16 m) were fixed in 4% paraformaldehyde for 30 min and rinsed in PBS before being treated with 2% H 2 O 2 for 15 min at room temperature. After quick rinses in PBS, sections were first incubated with the Klenow fragment (40 unit/mL, Invitrogen) in reaction buffer without dNTP for 10 min at room temp. Then, slides were transferred into new Klenow (40 unit) in fresh reaction buffer containing dGTP, dCTP, dTTP, and biotinylated dATP (10 M each) and incubated at 37°C for 1 h. The reaction was terminated in SSC at 75°C for 10 min and rinsed in PBS. Then, sections were incubated with avidin biotin complex (1-300 dilution, Vector Laboratories, Burlingame, 386 CA, U.S.A.) in PBS for 1 h at room temperature. The color reaction was developed by incubating tissue sections with 3,3' diaminobenzidine tetrahydrochloride (0.5 mg/mL) diluted in H 2 O. For control sections, either Klenow or the avidin biotin complex was omitted from the procedure. No color reaction was detected.
EMSA
EMSA was performed on nuclear extracts from cultured cortical neurons and cortical tissues using a 32 P-labeled oligonucleotide containing a wild-type (W18) or mutant (M18) HIF-1 binding site (21) . The sense strand sequences of the double-stranded W18 and M18 oligonucleotides are 5'-GCCCTACGTGCTGTCTCA-3' and 5'-GCCCTAAAAGCT-GTCTCA-3', respectively. Briefly, cultured cortical neurons were lightly trypsinized, pelleted, and resuspended in cold PBS. The small pieces of brain tissue (~200 mg) were washed three times with cold PBS and were homogenized with a type-A Dounce homogenizer pestle (six strokes). The homogenates were centrifuged and the supernatants were removed. The cell or tissue pellets were suspended in 5 volumes of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, and 0.5 mM phenylmethylsulforyl fluoride 1 mM) and centrifuged at 2500 ϫ g for 5 min at 4°C. Pellets were resuspended in 2 volumes of buffer A and lysed by pipette up and down. The lysates were kept on ice for 10 min and nuclei were pelleted at 10,000 ϫ g for 10 min. Then, pellets were resuspended in 1.5 volumes of buffer C (420 mM KCl, 20 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 0.5 mM phenylmethylsulforyl fluoride, 0.5 mM DTT, and 0.2 mM EDTA) and incubated for 15 min with gentle agitation at 4°C. The nuclear extracts were centrifuged at 15,000 ϫ g for 30 min, and the protein concentrations in the supernatants were measured by a Bio-Rad protein assay (Bio-Rad, Hercules, CA, U.S.A.), following manufacturer instructions. Binding reactions were performed at 4°C for 15 min using 10 g of nuclear protein and 1 L (50,000 cpm) of labeled oligonucleotide in 20 L of binding buffer (10 mM HEPES pH 7.9, 60 mM KCl, 1 mM MgCl 2 , 0.2 mM EDTA, 5 mM DTT, 7% glycerol, poly dI-dC 1.5 g). DNA-protein complexes were separated from the unbound probe on native 5% polyacrylamide gels at 180 V for 2.5 h. The gels were vacuum dried and exposed to Kodak film for 8 -15 h at Ϫ80°C. Visual inspection of the free probe bands at the bottom of the gels confirmed that equivalent amounts of radiolabel probe were used for each sample. Super shifts were performed by incubating a HIF-1␣ antibody (1-200 dilution; BD Biosciences) with the binding mixture for 12 h before adding the radiolabeled HIF-1 probe. The reaction mixture was incubated for 20 min, and the complexes were resolved as described above.
RT-PCR
Total RNA was prepared by an RNAzol method according The reaction was carried out at 42°C for 50 min; then, 70°C for 10 min to denature reverse transcriptase. A 25 L PCR reaction mixture contained 1 unit DNA polymerase Tfl (Invitrogen), 2.5 L 10ϫ synthesis buffer, 2.0 L 25 mM MgSO 4 , 0.5 L dNTP, 1.0 L primer, respectively, 2.5 L RT product, and diethyl pyrocarbonate water. Denature temperature was set at 94°C, annealing temperature 59°C, and extending temperature 72°C. Cycle was 28. DNA products were quantified after PAGE.
IN SITU HYBRIDIZATION
In situ hybridization histochemistry was used to examine the transcription of the endogenous IGF-I gene. The rat IGF-I cDNA clone used for the synthesis of cRNA probes has been described in detail previously (34) . cRNA probes were synthesized in 10 L reaction mixture containing 100 Ci each 35 S-CTP and 35 S-UTP (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.), 10 mM NaCl, 6 mM MgCl 2 , 40 mM Tris (pH 7.5), 2 mM spermidine, 10 mM DTT, 500 M each unlabeled ATP and GTP, 25 M each unlabeled UTP and CTP, 1 g linearized template, 15 units of the appropriate polymerase (BRL), and 15 units RNasin (Promega, Madison, WI, U.S.A.). The reaction was incubated at 42°C for 60 min, after which the DNA template was removed by digestion with DNase I. Average specific activity of probes generated by this protocol was 2-3 ϫ 10 8 dpm/L. Before hybridization, tissue sections were warmed to 25°C, fixed in 4% formaldehyde, and acetylated in 0.25% acetic anhydride/0.1M triethanolamine hydrochloride/0.9% NaCl. Tissues were dehydrated through an ethanol gradient, delipidated in chloroform, rehydrated, and air-dried. 35 S-labeled cRNA probes were added to a fresh hybridization buffer (10 7 cpm/mL), which was composed of 50% formamide, 0.3 M NaCl, 20 mM Tris HCl (pH 8), 5 mM EDTA, 50 g tRNA/mL, 10% dextran sulfate, 10 mM DTT, and 0.02% each of BSA, Ficoll, and polyvinylpyrrolidone. The hybridization buffer was added to sections, which were then covered with glass coverslips and placed in humidified chambers overnight (14 h) at 55°C. Slides were then washed several times in 4ϫ SSC to remove coverslips and hybridization buffer; then they were dehydrated and immersed in 0.3 M NaCl, 50% formamide, 20 mM Tris HCl, and 1 mM EDTA at 60°C for 15 min. Next, sections were treated with RNase A (20 g/mL, Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.) for 30 min at 387 37°C, and then passed through graded salt solutions, followed by a 15 min wash in 0.1 ϫ SSC at 50°C. The slides were dehydrated and air-dried and apposed to Hyperfilm-beta Max (Amersham Pharmacia Biotech) for 2-5 d and then dipped in Kodak NTB2 nuclear emulsion, stored with desiccant at 4°C for 6 -15 d, developed, and stained with cresyl violet or hematoxylin and eosin for microscopic evaluation.
MTT ASSAY
Cell proliferation and viability assays were done in accordance with the protocol provided by R & D Systems (Minneapolis, MN, U.S.A.). Briefly, cortical neurons from newborn rats were cultured in flat-bottomed, poly-D-lysine-coated, 96-well tissue culture plates (BioCoat, BD Biosciences). After each treatment, MTT was added to the wells and the cells were incubated at 37°C for 2.5 h. MTT was reduced by metabolically active cells to insoluble purple formazan dye crystals. Detergent was then added to the wells, and cells were incubated for 3 h at 37°C in the dark. The dye crystals were dissolved in the detergent, and the absorption was read by a plate reader at 570 nm with a reference wavelength of 650 nm.
STATISTICAL ANALYSIS
To count apoptotic cells, areas of analysis were selected from the cortices, hippocampi (CA1 to CA3) and thalami. For each treatment, three areas of each cortex, hippocampus, and thalamus were photographed and counted for apoptotic cells per animal, resulting in 12 areas of cortex, hippocampus, and thalamus, respectively (four animals per treatment). The extent of apoptosis was evaluated in the hemisphere ipsilateral and contralateral to the carotid artery ligation, with or without preconditioning. ANOVA was used to test the difference in the numbers of apoptotic cells with each treatment. The differences between means of OD measurements from film autoradiograph were tested by the Student t test.
RESULTS
Rat model of hypoxia-ischemia. During 150 min of hypoxia, most animals (98%) that had unilateral carotid artery ligation (98%) showed behavioral disturbances including seizure (45%), involuntary limb movements, and alteration in consciousness. Gross inspections of the brain specimens at 3 d after hypoxia-ischemia showed brain edema, softening, and necrosis in the hemisphere ipsilateral to carotid artery ligation.
Apoptotic cell death after hypoxia and hypoxia-ischemia. At postnatal d 7, whereas hypoxia alone resulted in very few apoptotic cells, hypoxia-ischemia produced substantial apoptotic cell death. As shown in Figure 1 , Klenow staining detected many cells undergoing apoptotic cell death in the hippocampal pyramidal cell layer (CA1, Fig. 1B ) and in the cortices (Fig.  1D ) obtained from hemispheres that had hypoxia-ischemia. The Klenow staining in these cells showed a distinct nuclear pattern, which is consistent with apoptotic morphology (Fig.  2) . The numbers of apoptotic cells were more abundant in the Figure 1 . Apoptosis in the hippocampus and thalamus after hypoxia or hypoxia-ischemia. Brain samples were collected at 24 h of recovery from 150 min of hypoxia or unilateral hypoxia-ischemia. Klenow staining was used to detect apoptotic cells on brain sections containing hippocampus (CA1) and cortex derived from hemispheres that had hypoxia-ischemia (B, D) or hypoxia only (A, C) . Discrete brown staining was seen in the nuclei and represents cells undergoing apoptosis. In both brain regions, apoptotic cells were more abundant in the hemisphere that had hypoxia-ischemia than in the one that had hypoxia only. 388 thalamus, cortex, and hippocampus than in other brain regions. Within each of the three regions, there were differences in the density of apoptotic cells in different areas (Fig. 2A) . For example, more apoptotic cells were detected in the CA1 region than in CA3, dentate gyrus, and CA2, in a descending order. Based on the morphology and location, cells containing positive Klenow staining were likely to be neurons.
Hypoxia preconditioning improved neuronal survival in hemispheres that had either hypoxia alone or hypoxiaischemia (Fig. 2, A and B) . In all three brain regions, neuronal survival was significantly improved with 150 min preconditioning at 24 h before hypoxia or hypoxia-ischemia insult (Fig. 2B) . With hypoxia preconditioning, there were fewer cells stained positive by Klenow staining and more In three brain areas that are known to be sensitive to hypoxic-ischemic injury, three microscopic fields were selected from three anatomically matched sections that were taken from each of four animals. Within each field, the number of total cells and Klenow staining positive cells were counted and expressed as percentage of apoptotic cells. The results are expressed as mean percentage of apoptotic cells in total counted cells Ϯ SD. The differences in the mean percentage of apoptotic cells were analyzed by ANOVA. *p Ͻ 0.05 between mean percentage of apoptotic cells in regions that had hypoxia preconditioning and those that had no preconditioning. **In addition to above (*), p Ͻ 0.05 between mean percentage of apoptotic cells in hemispheres that had hypoxia and the ones that had hypoxia-ischemia.
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IGF-I AND HIF1 IN HYPOXIA TOLERANCE morphologic organizations in each region, as shown in Figure 2A .
Increased IGF-I gene expression after hypoxia preconditioning. To test whether IGF-I is involved in the hypoxia tolerance, we applied in situ hybridization histochemistry to the tissue sections derived from animals that had hypoxia or hypoxia-ischemia, with or without preconditioning (Fig. 3A) .
The distribution of IGF-I mRNA was consistent with previous reports, with high levels of IGF-I mRNA in large relay neurons of somatosensory and cerebellar nuclei (34) . Afer hypoxia or hypoxia-ischemia, the increase in IGF-I mRNA was mainly observed in the cerebral cortex and hippocampus (Fig. 3B) . The levels of IGF-I mRNA were quantified by counting silver grains in neurons in tissue sections that were treated with photographic emulsion. Compared with those without hypoxia preconditioning, there was a significant increase in neuronal IGF-I mRNA in the hypoxic-ischemic hemispheres that had hypoxia preconditioning (Fig. 3B) . These results were consistent with the changes seen in IGF-I mRNA levels in cortical tissues measured by RT-PCR (Fig. 4) . Hypoxia preconditioning alone resulted in an increase in IGF-I mRNA levels in cortical tissues. More importantly, hypoxia preconditioning . IGF-I mRNA increases after hypoxia preconditioning. At 24 h of recovery, tissue samples were obtained from cortex that were supplied by middle cerebral artery. IGF-I mRNA levels were measured in sham control, hypoxia (n ϭ 4, top), and hypoxia-ischemia with and without hypoxia preconditioning (n ϭ 6, middle) using RT-PCR analysis. The levels of IGF-I mRNA were estimated by densitometry measurement. *p Ͻ 0.05 compared with the mean value of IGF-I mRNA levels in sham-operated cortical tissue. #p Ͻ 0.05 compared with the mean value of IGF-I mRNA levels in cortical tissue from hemisphere that had hypoxia-ischemia without preconditioning. 390 preceding hypoxia-ischemia resulted in higher IGF-I mRNA levels in cortical tissue than was seen without the preconditioning (Fig. 4) . These results suggest that hypoxia preconditioning activates IGF-I gene transcription, which may contribute to the hypoxia tolerance.
IGF-I activated HIF-1␣ and promoted the survival of cultured cortical neurons. To investigate potential cellular mechanisms of IGF-I in hypoxia tolerance, we evaluated whether IGF-I stimulation can directly activate HIF-1␣ in vitro. After serum starvation, we added IGF-I (100 ng/mL) to the cultured media for cortical neurons derived from newborn pups. With IGF-I treatment, neuronal viability was increased in low oxygen concentrations (5% and 1%). The most significant increase was seen at the lowest oxygen concentration (1%), when neuronal survival decreased most (Fig. 5A) . Among other potential mechanisms, IGF-I's survival effects may be mediated by activating HIF-1␣. Results of EMSA demonstrated an increase in the HIF-1␣ DNA binding activity in the nuclear extract from cortical neurons that were treated with IGF-I as well as with CoCl 2 , a transition metal that is known to increase HIF-1␣ DNA binding activity (Fig. 5B) .
Activation of HIF-1␣ after hypoxia preconditioning and hypoxia-ischemia. To see whether IGF-I may activate HIF-1␣ in vivo, we used EMSA to examine the hypoxia-induced HIF-1␣ activation in cortical tissues. EMSA was successfully used to measure HIF-1␣ DNA binding activity in nuclear protein extracts derived from cortical tissues. Using a probe containing HIF-1␣ consensus sequence (W18), there was an increase in HIF-1␣ DNA binding activity in nuclear extracts after hypoxia, which was further increased with superimposed ischemia (Fig. 6A) . There was no DNA binding activity detected when a mutant probe (M18) was used or when an antibody against HIF-1␣ was included in the binding reaction (supershift). After hypoxia or hypoxia-ischemia, the increase in HIF-1␣ DNA binding activity started around 5 h of recovery, reached maximum at approximately 24 h, and started to decline by 72 h (Fig. 6, B and C) . With hypoxia preconditioning, HIF-1␣ DNA binding activity was further increased in cortical tissues that received the second treatment of hypoxia or hypoxia-ischemia (Fig. 6D) . To determine whether the increase in HIF-1␣ DNA binding activity is associated with an increase in the expression of downstream target genes, we measured the mRNA levels of glucose transporter 1 by RT-PCR. As shown in Figure 7 , hypoxia preconditioning resulted in an increase in the mRNA levels of this glucose transporter but not those of glucose transporter 3 (data not shown), which is not a target gene for HIF-1␣.
DISCUSSION
In this study, we provided definitive evidence that hypoxiaischemia-induced apoptotic neuronal death can be alleviated by preexposing animals to sublethal doses of hypoxia. In three brain areas that are vulnerable to hypoxic-ischemic injury, Figure 5 . IGF-I increased HIF-1␣ DNA binding activity and neuronal survival. Primary neuronal cultures were established from fresh cortical tissues derived from newborn rats. (A) After 16-h serum starvation, IGF-I was added into the culture media (Dulbecco's modified Eagle's medium) to a final concentration of 100 ng/mL and incubated for 8 h. Neuronal viability was examined at 21%, 5%, and 1% oxygen with or without IGF-I treatment for 24 h by MTT assay (n ϭ 2). Neuronal viability at 21% oxygen without IGF-I treatment was used as 100%. At 5% and 1% oxygen, IGF-I promoted neuronal viability, which was otherwise substantially decreased. ANOVA: *p Ͻ 0.05 among three groups; **p Ͻ 0.05 between groups with or without IGF-I treatment. (B) Under the same culturing condition, HIF-1␣ DNA binding activity was evaluated by EMSA. As a positive control, CoCl 2 was added to a final concentration of 166 M. Treatment with either IGF-I treatment or CoCl 2 significantly increased HIF-1␣ DNA binding activity in the nuclear protein extract. 391 hypoxia alone increased IGF-I mRNA levels, which was further increased with superimposed ischemia. In addition, after hypoxia-ischemia, there is a parallel increase in the DNA binding activity of HIF-1␣, a transcription factor responsible for cellular adaptive responses. More interestingly, IGF-I directly increased HIF-1␣ DNA binding activity and the survival of cultured primary neurons, which was consistent with IGF-I's known survival activity. On the other hand, it is known that an increase in HIF-1␣ activity will trigger metabolic adaptive responses that contribute to the subsequent neuroprotection or, namely, hypoxia tolerance. Therefore, our observations support the hypothesis that the endogenous adaptation mechanisms underlying hypoxic tolerance may include the induction of IGF-I expression, which, through activating the HIF-1␣ signaling pathway, provides neuroprotection against hypoxiaischemia-induced neuronal injury.
Preconditioning and subsequent tolerance to a noxious insult is a normal cellular response essential for adapting to any shortages in the supply of metabolic substrates. This metabolic adaptation is important not only for cell survival but also for maintaining normal cellular functions (23, 35) . Loss of response or over-adapting to metabolic stress will lead to cell death or malignant cell growth. Because of these broad implications, the mechanisms of preconditioning and tolerance have been intensely studied in recent years. One of the betterunderstood adaptation mechanisms is hypoxia preconditioning and tolerance. Exposing hippocampal slices (2) or cortical neurons (1) to a brief episode of hypoxia-induced hypoxia tolerance to subsequent hypoxia-ischemia. This hypoxia tolerance was also observed in vivo in a rodent model of hypoxia ischemia encephalopathy (29) , which was used in the current study. Here, we report that this hypoxia tolerance likely involved the transcriptional activation of IGF-I. This is due to the fact that hypoxia alone increased IGF-I mRNA levels, which was further increased with subsequent hypoxia and more with superimposed ischemia. Glucose transporter 1 expression increased after hypoxia preconditioning. At 24 h of recovery, tissue samples were obtained from cortices that were supplied by middle cerebral artery. Using RT-PCR, the mRNA levels of glucose transportor1 (Glut1) was measured in the cortical tissues from animals that had sham operation or hypoxia preconditioning only (n ϭ4). The mRNA levels of histone were also measured in the same sample to control the sample loading (A). The levels of Glut 1 mRNA were estimated by the OD on autographic film and expressed as mean ϩ SD (B). *p Ͻ 0.05 compared with mean Glut 1 mRNA levels after sham operation.
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IGF-I is a pleiotropic anabolic factor essential for the survival of developing neurons. IGF-I itself is neuroprotective against hypoxic-ischemic injury in the same rodent model of hypoxia-ischemia. Neuronal IGF-I mRNA levels decreased almost immediately after the hypoxia-ischemia (18) . As the hypoxia time increased, the decrease in IGF-I mRNA levels correlated with the increase in the number of apoptotic neurons (19) . More importantly, infusion of exogenous IGF-I intraventricularly within 2 h of insult decreased neuronal damage in rats (14) and fetal sheep (20) . To date, the mechanisms that mediate IGF-I's neuroprotection against hypoxia-ischemia have not been elucidated. Evidence from the current study supports the hypothesis that hypoxia-induced IGF-I transcriptional activation may contribute to IGF-I's neuroprotection against hypoxic-ischemic injury. As the oxygen level decreased from physiologic concentration, there was an increase in neuronal death both in vivo and in vitro. This hypoxiainduced neuronal death was partially prevented by including exogenous IGF-I in the culture media. Because IGF-I receptors are present on all brain cells (36) , the hypoxia-induced expression of endogenous IGF-I may play an important role in the subsequent hypoxia tolerance.
After hypoxia, the mechanisms that induced IGF-I expression are not clear. Because GH passes the blood-brain barrier poorly (37), the expression of endogenous IGF-I in the CNS is regulated differently from that in the periphery. In the brain, IGF-I is expressed mainly by neurons, especially those in the relay centers of the somatosensory and cerebellar systems (34) . GH produced in the brain may influence neuronal IGF-I production, as levels of GH receptor mRNA coordinate with those of IGF-I mRNA (38) . In addition, neuronal IGF-I expression is influenced by developmental stage (34), nutrition status (39), glucocorticoid (40) , and brain injury (18, 41) . The upregulation of IGF-I expression by hypoxia alone has never been reported before and likely contributes to our understanding of both its regulation and function during normal brain development and abnormal situations.
The mechanisms that mediate IGF-I's neuroprotection against hypoxic-ischemic injury are not well delineated. IGF-I is better known for promoting neuronal survival via activating the PI3/Akt pathway (42, 43) . Whether other pathways are involved in IGF-I's neuroprotective activity has not been thoroughly investigated. In our study, we saw a similar temporal change between IGF-I mRNA and HIF-1␣ DNA binding activity. Like IGF-I, hypoxia alone increased HIF-1␣ DNA binding activity, with the maximum increase at approximately 24 h. When hypoxia was superimposed with ischemia, the same time course of HIF-1␣ activation was also observed, but at higher levels. Because ischemia is primarily the depletion of glucose and oxygen, it is possible that the hypoxia component in the ischemia had an additive effect and, thereby, resulted in the higher level of HIF-1␣ DNA binding activity. In all three brain regions, the number of apoptotic cells was inversely correlated with the levels of HIF-1␣ DNA binding activity. HIF-1␣ activation also triggered metabolic responses, as shown by the increase of the transcription of glucose transporter 1, a metabolic adaptive gene downstream of HIF-1␣ activation. This hypoxia preconditioning-induced adaptive response likely contributed to a decrease in apoptotic neuronal death in three brain areas that are known to be sensitive to hypoxia-ischemia. The involvement of HIF-1 activation in hypoxia-induced ischemic tolerance was reported in the same hypoxia-ischemia model. In a previous study, increasing HIF-1␣ protein levels after i.p. injection of CoCl 2 provided neuroprotection to hypoxia ischemia, strongly supporting an important role for HIF-1 in hypoxia preconditioning-induced neuroprotection (29) .
IGF-I is one of the factors that activate HIF-1␣ DNA binding activity. In human Hep-G1 cells, IGF-I is capable of inducing the transcription of target genes through activating HIF1␣ (30) . Most recently, direct evidence of IGF-I-induced HIF-1␣ activation was obtained in vivo (32) . Intracerebroventricular or systemic IGF-I infusion induced HIF-1␣ activation. Most interestingly, a selective IGF-I receptor antagonist abolished HIF-1␣ accumulation, strongly suggesting that IGF-Iinduced HIF-1␣ activation likely contributed to its neuroprotective activity. Our results added additional evidence for this hypothesis. Depending on the exposure to hypoxia preconditioning and subsequent hypoxia or hypoxia and ischemia, IGF-I mRNA levels increased coordinately with HIF-1␣ DNA binding activity. In cultured primary neurons, IGF-I also increased HIF-1␣ DNA binding activity as well as neuronal survival. This observation suggested that both HIF-1␣ activation and IGF-I synthesis possibly contribute to hypoxia tolerance.
HIF-1 is known as a master transcription factor for regulating cellular metabolic adaptive responses according to the molecular oxygen concentration in our environment. Although HIF-1␣ is a substrate of Akt (44), it is not clear whether IGF-I induced HIF-1␣ activation occurs in vivo and contributes to its survival action. In fact, the regulation of metabolic adaptation fits well with IGF-I's biologic function as an anabolic growth factor in the CNS. Both IGF-I and IGF-I receptor share over 50% amino acid sequence homology with insulin (45) , which accounts for the significant cross activities between IGF-I and insulin in regulating cell growth and metabolism. Because the survival of a cell, especially a cell having high metabolic demands such as a neuron, critically relies on its metabolic status, it is conceivable that a cell's metabolic adaptation ultimately contributes to its ability to survive. In this investigation, we demonstrated that IGF-I increased HIF-1␣ DNA binding activity in the nuclear extract derived from cortical neurons in primary culture. In the meantime, IGF-I, when added into the culture media, increased neuronal viability under hypoxia culturing conditions. These results supported the hypothesis that IGF-I's neuroprotective effect against hypoxia-ischemia is partially mediated through activating the HIF1 metabolic adaptive pathway.
Overall, we used both in vivo and in vitro models to demonstrate that hypoxia preconditioning transactivated IGF-I expression and HIF-1␣ DNA binding activity, which likely contributed to the subsequent neuroprotection against hypoxia ischemia. This HIF-1-induced metabolic response may play an integral part in IGF-I's ability to promote neuronal survival in metabolic stress. As an important neurotrophic factor for developing neurons, IGF-I likely plays a dominant role in the 393 IGF-I AND HIF1 IN HYPOXIA TOLERANCE "nutrient-sensing" pathway that regulates neuronal survival as well as metabolic adaptation in nutrient deficiency.
